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PART 1

OPTICAL SUPERHETERODYNE RECEIVER

1.1 INTRODUCTION

An operational model of the optical superheterodyne receiver, completely
analogous to a radio frequency receiver, has been designed, constructed, and
tested for NASA by the Applied Research Laboratory of Sylvania Electronic Sys-
tems, a Division of Sylvania Electric Products Inc. The receiver, which oper-
ates at 6328 X and is mounted in a mobile van, can coherently detect signals
from a remote laser transmitter. The receiver is immediately applicable to
both coherent and noncoherent communications experiments from air to ground
or space to ground, including the proposed Laser Communications Satellite Ex-

periment of the Apollo Applications Program.
Included in the receiver are facilities for:

1) An automatic frequency control system that allows the local

P s - T i P Y o Ny
VoL LLLAGLUL Ul Ll LToC

iver to automatically track the trans-
mitter frequency over a

FEX
1-GHz Doppler frequency range.

2) An automatic angle tracking servo system that allows the re-
ceiver to track a satellite-borne transmitter moving at angular
rates as high as 4 milliradians/second with an rms accuracy of
25 microradians.

3) Amplitude and frequency modulation detection of television
bandwidth information signals imposed upon the optical carrier
at the transmitter.
Figure 1 is a block diagram of the receiver. Figure 2 shows the physical
structure of the optics and the associated phototubes of the receiver and

Figure 3 shows the electronics portion of the receiver.

This equipment, the first prototype of an operational coherent laser com-
munications system to emerge from the laboratory, has been used in series of

communications experiments.

The communications experiments, designed to evaluate the Optical Super-
heterodyne Receiver and also compare coherent and noncoherent optical detector
techniques, have resulted in obtaining typical fading data for the above-men-

tioned techniques. The experiments were performed over a l-kilometer path,

1-1




1-6078-1

19AL923Y audposajaysadng jooudQo

*|-94n614

-
TO¥INOD INdINO "Wy | 30103130
INOILLISINDDY| - ia0ld 1Nd1NO
VNN WY INI¥IHODINON
VANV 1NdINO W4 e
0€l Md . _
) 4O LVNI HW ¥ +
WILSAS ¥31dILTINW AWV | o | BNINDSIOle L] ZHW 0F | 4 ¥31dILINW
TOILNOD O1OHd 2°a + AWV OlOHd
¥O1035S1a ¥3LIWIT
SZALER ISVYWI 3!
¥31714 JOUHIW 331714
e y ol Liccd NOILYWITI0D Y 001
\ N3 ‘ AYVANODIS °
INNOW \
2 YJOUYIW »
ONINOVYL
IVI1VdS — -
HOUAIW 33aav
WNOOVIG ¥31117dS Wv3se YORYIW
TYNOOVIQ
A JOUYIW
DI108VIVd
YILLIWSNVYL A4
¥3SVY1 3LOW3Y
WO TYNDIS
ONIWOINI TOYLNOD 4OLY11DSO 1vD01
NOILISINDDOV FEINA] '\/
1
ADNINDIYS 1eYINNL
TVNNYW 19V1TOA JOUIIW

SN31

NOILVWITIOD 'O

(D4v)

1-2




I-6078-1

sodQ JoALeoay sudpossjeyiadng poydQ gz aunbiy

JOPIIW 4O LD3NIa
JOLV11IDSO 1vIOO01 -

¥34AY JOYYIW ONIXIW JOWIIW D1709ViVd AYVWIYC

JOLVTIIDSO 1vOO1 ¥3IsVi

d31d1LTNWOLOHd

3dODS ONILLOdS

WY39 INAQOYILIH ¥OA4
JOYIIW NOILYWITIOD AYVANODI3S

¥31111dS Wv3g
: 1YNOSVIa
ONIDVIL TVILVdS ¥O4 e gt s HOWIW TYNOOVIQ
¥O1D3551a IOVWI 12
OA¥IS ANV
JOWIW ONIIDVAL TVILVdS

1-3




1-6078-1

$OLUO1409 |3 waysAg  *g aunbiy

43141TdWY ¥344N4
WILSAS - ¥43QYODIY 3dVl1

W3 LISAS
OA¥3IS ONIXNOVIL
JTONY
JlLlvywolnv

W3 1SAS
TOYINOD
ADNINOIYS
JILYWOLNY

V1vad TVLINIWIY¥IdX3
ONIIOLINOW ¥OA4
SY30YOD3IY 3Idvl

1-4




I-6078-1

using a remote laser transmitter and the optical superheterodyne as a receiver.
Both long and short-term results have been obtained. These data, plus results
of frequency modulation experiments, provide information for the comparison

of a noncoherent amplitude modulation system, a coherent amplitude modulated
system, and a coherent frequency modulated system. In general, the present
results show the superiority of noncoherent detection techniques when the sys-
tem is not limited by background radiation noise. 1In the future, we expect

the coherent performance to be improved, the extent of which is not now known.

1.2 OPTICAL SUPERHETERODYNE RECEIVER

1.2.1 General Description

A diagram of the optical superheterodyne receiver is shown in Figure 1.
The superheterodyne optics, a Mersenne telescope,1 consists of two concave,
confocal paraboloidal reflectors. The received rays are reflected from the
tracking mirror to the primary parabolic mirror and thence to the secondary
beam-torming parabola. The signal is then mixed with the local signal at the

mirror adder and the resultant beat detected by the photomultiplier.

. . s . . 2
The receiver uses a precision angle tracking servo-controlled mirror
to maintain alignment between the incoming signal and the receiver telescope.
Another optical signal takeoff provides angular data to an image dissector

photomultiplier to control the tracking mirror.

The beat-frequency output of the photomultiplier is fed to a 30-MHz,
+4-MHz intermediate frequency amplifier and thence to a limiter-discriminator
combination. The low-frequency output of the discriminator output is ampli-
fied and used to control the local oscillator to provide automatic frequency

control. The local oscillator is a voltage-tuned Spectra Physics, Inc. Model

1. King, Henry C. The History of the Telescope, Sky Publishing Corp.,
Cambridge, Massachusetts, 1959.

2. R. F. Lucy, C. J. Peters, E. J. McGann, and K. T. Lang, "Precision Laser
Automatic Tracking System," Applied Optics, vol. 5, pp. 517-524;
April 1966.
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119 single-frequency laser. Initial search and frequency acquisition is per-
formed manually. An FM and AM coherent signal output is provided in addition
to a noncoherent output to measure optical power. Interference type optical

filters are used in front of both the receiver and tracking detectors.

The receiver optics are shown in Figure 2 and the electronics are shown
in Figure 3. 1In addition to the necessary electronics, a multichannel tape
recorder with buffer amplifiers to record signal data during experiments is

also shown.

1.2.2 Optics

The primary mirror of the Mersenne telescope is a 2.44-meter focal
length, 20.3-cm diameter paraboloid figured to an accuracy of 1/50 wavelength.
The secondary mirror is an 18.8-cm focal length, 7.6-cm diameter paraboloid
also figured to an accuracy of 1/50 wavelength. The ray budle converging from
the primary to the common focus subtends 83.5 milliradians and only fills a
1.57-cm diameter area at the secondary collimation mirror. The local oscilla-

tor collimation lens is approximately an £/75, 1.15-meter focal length lens.

In order to increase the sensitivity of the optical heterodyne receiver,
the optics are designed to intercept and collect as much energy as possible. A
somewhat different set of rules is required for the design of such a collect-
ing system as compared to ordinary telescope mirror design. In telescope de-
sign the goal is to focus all the energy from an object point to a correspond-
ing point in the image plane. Point to point image phase relationships are
not a primary consideration. In the optics for an optical heterodyne receiver
the phase relationships are of the utmost importance. The main goal is to
coherently add the signal collected from a coherent source with a local oscil-

lator and produce a maximum heterodyne signal.

A turbulent atmosphere containing air blobs of different index of re-
fraction can produce angular deviations of the propagated beam in its entirety
or in part. The size of the atmospheric blobs or turbulons, as compared to
the beam size, determines whether the beam line of sight is deviated or whether

the beam is internally disrupted.

1-6
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Angular fluctuations of the input signal produce angular misalignments
between the signal and the local oscillator that will, in turn, produce heter-
odyne signal fading effects. 1If the entire wavefront at the aperture input
is tilted, then the spatial tracking mirror provides a means of eliminating
the variations that are within the 30-Hz response and +25 microradian rms

tracking accuracy limits of the servo.

Angular fluctuations can occur at higher freguencies. In addition., the
received beam can be composed of many groups of rays of different angular
tilts caused by individual refractions within the beam. 1In this case the
servo would only track the centroid. Furthermore, angular fluctuations smaller
than those correctable by the servo will still produce a severe effect on the

receiver performance.

An operational heterodyne receiver must be capable of operating over
varying ranges and through a turbulent atmosphere. Consequently the optics
must be designed to cope with these variable conditions. As with all operat-
ing systems, compromises must be made. These tradeoffs inevitably reduce the
efficiency of operation. 1In the design of the optical superheterodyne re-
ceiver reduced sensitivity has been accepted to provide a design that will be
less sensitive to angular fluctuations between the signal and local oscillator.
In addition, this design is compatible with both near and far field conditions

of a receiver-transmitter combination.

1.2.2,1 Near Field--Far Field Considerations

By utilizing a spherical mixing geometry, the heterodyne receiver
optics can be adjusted to operate the receiver in the near field with large
apertures as well as the far field. When the receiver is in the far field
(Fraunhofer region) of the transmitter, the signal at the receiver aperture

is essentially a plane wave. When the Mersenne telescope is adjusted

I=h

or the
confocal condition and the atmospheric effects are negligible, the collimated

. . 3
output wave from the smaller secondary mirror is also a plane wave.

3. E. H. Linfoot, Recent Advances in Optics, Oxford University Press, London,
p. 277; 1958,

1-7
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If the atmosphere perturbs the wavefront, then the corresponding
perturbations appear in the output beam magnified by the ratio of the primary
to secondary focal length. As the distance between a point source transmitter
and receiver is decreased, the receiver enters the near field (Fresnel region)
of the transmitter and a constant phase front at the receiver aperture is
spherical. When a paraboloid is illuminated by a spherical wave all the rays
over the aperture do not converge to a common point. Thus, it would be impos-
sible to collimate these rays into a parallel beam with these optics. For a
point source object and the confocal condition, all the rays reflected from
the secondary parabola diverge with a curvature that is approximately the
primary to secondary focal length ratio times the curvature of the input wave.
Consequently, for fixed confocal paraboloids, the local oscillator wavefront

would be adjusted for the best wavefront match between the two signals.

Certainly for near field situations, the Mersenne telescope alters
the uniformity of the input wave because of the aforementioned aberration.
However, it should be remembered that the purpose of this optical system is
not to achieve perfect heterodyning but only to develop a compromise situation
that will minimize complete signal fading due to destructive interference ef-
fects. We have found that a compromise can be achieved by utilizing a mixing
geometry in which the local oscillator and received signal wavefronts are

waves of different curvature.

1.2.2.2 Photomixing with Misaligned Wavefronts

The directional properties of optical heterodyne receivers are well
known.4 The wavefronts of the optical signal must be perfectly matched to the
wavefront of the local oscillator to obtain a maximum efficiency. If the wave-
fronts are inclined to each other, the photocurrent signal can be severely de-
graded. An example of the requirement is found in interferometers in which
interference fringes are produced as a result of one wavefront being at a

slight angle with the other. 1In the typical interferometers, two waves of the

4. A. E. Siegman, "The Antenna Properties of Optical Heterodyne Receivers,'
Applied Optics, vol. 5, no. 10, pp. 1588-1594; October 1966.
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same frequency are used to produce the interference pattern. In our case the
waves are at slightly different frequencies; thus, there is a heterodyne beat
between the two wavefronts. If we could observe the area of interference we
would see the interference pattern changing with time. The bright and dark
bands (areas of apposite phases) would move in progression across the observa-
tion area at the beat frequency rate. The changing pattern is indicative of

the changing phases between the two optical waves of different frequencies.

If a phototube surface were illuminated with this pattern then the
cross section of the photocurrent output would be a replica of the time-chang-
ing interference pattern. The AC component of the photocurrent would be the
beat frequency. The DC component would be proportional to the intensities of
the two optical waves. The anode of the phototube sums the instantaneous
values of all the signals. If there are many fringes in the pattern, the
alternate plus and minus signal components cancel each other. The net photo-
current would be the residual after the cancellation. For example, using the
interferometer analogy, if there are 6 bright and 5 dark fringes at any in-
stant of time, then 5 fringes of one polarity of phases cancel 5 fringes of
the other polarity and only 1/11 of the total AC signal remains. As the num-
ber of fringes is decreased by better matching of the wavefronts, then the AC

beat component collected by the anode increases.

If the angular misalignment varies in time the number of fringes
varies accordingly. If there are an equal number of regions of opposite phases
then the residue of uncancelled components can drop to zero. In a communica-

tion system complete signal dropouts (100 percent fading) is undesirable.

For a fixed fringe pattern apertures could be placed over areas rep-
resenting one phase polarity to prevent cancellation effects. However, the
turbulent atmosphere produces unknown angular changes and wavefront distor-
£
L

o R, 1. [P . Y - oS . R P S
LiIULdD U cC cu bl.élldl., allu tile uesS1yll UL all apcel

eiv
timum spatial filter is not known.

In order to provide the optical superheterodyne receiver with a means
of operating without complete fading in a turbulent atmosphere and also pro-

vide both near and far field operation, a mixing geometry in which waves of

1-9
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different curvature are employed was arrived at. A series of fringe experi-

ments using the receiver optics shows the technique.

In order to introduce a plane wave into the receiver optics, a dif-
fraction-limited 48-meter focal length, 15-cm diameter parabolic mirror was
used to collimate a portion of the local oscillator laser. The nearly parallel
beam was fed through the heterodyne system optics and allowed to form an in-
terference pattern with the remaining portion of the laser local oscillator
directly at the film plane of a 16-mm camera. Nearly plane wave fringing is
shown in Figures 4a and 4b. 1In Figure 4a, the local oscillator and received
signal are colinear. 1In Figure 4b there is a 70 microradian angle between
the local oscillator signal and the received signal. The alternate light and
dark bands of fringes represent a continuously varying phase between the local
oscillator and received signal. If the amplitude of the fringes were summed,
the signal in the bright band cancels the signal in a dark band. In the most
severe misaligned case where there are many more light and dark bands, the
uncancelled residue is small implying that the analogous photomixing process
would be inefficient. In addition, summed output drops to zero when there
are equal light and dark areas and rises to a local small maximum when there
is an excess of one kind or the other. Consequently small angular disturbances
can produce a 100 percent modulation on the summed signal. Jitter in the servo
or optical signal angle of arrival fluctuations caused by atmospheric turbu-
lence will thus produce a noise modulation of the signal. 1In the example of
Figure 4a and 4b an angular change at the optics input of about 2.3 micro-

radians changes the analogous mixing efficiency from a maximum to a minimum.

In Figure 4c two spherical waves of different curvature are perfectly
aligned to produce a circular fringe zone pattern similar to Newton's Rings.
Since the area of each zone is the same, the integrated value would be zero
if there are an equal number of zones of alternate phases. However, as the
angle between the two wavefronts is changed an asymmetrical pattern is pro-
duced as shown in Figure 4d. By using a square aperture and the nonsymmetri-
cal behavior with wavefront misalignment, a nonzeroing mixing function has

been apparently achieved over limited angular misalignments.
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(a) (b)

TWO PLANE WAVES NEARLY TWO PLANE WAVES
COLLIMATED 70 MICRO RADIANS TILT

TWO SPHERICAL WAVES TWO SPHERICAL WAVES
400 CM RADIUS OF CURVATURE 400 CM RADIUS OF CURVATURE
1600 CM RADIUS OF CURVATURE 1600 CM RADIUS OF CURVATURE
(COLLINEAR) 70 MICRO RADIUS TILT
Figure 4. Optical Mixing Experiments
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Experiments performed on the operating system have shown that al-
though the mixing efficiency is only a few percent, this technique of mixing

does not null over +100 microradian angular changes at the input to the optics.

1.2.2.3 Angular Sensitivity of Parabolic Primary Mirror

An important consideration in the optics design is the overall align-
ment accuracy required between the servo control system and heterodyne primary
optics. If the parabola is tilted with respect to an incoming plane wave,
then a comatic off-axis focus is formed. 1In order to determine the phase de-
gradation across the focal plane, the focal plane phase of all the ray paths
with respect to a plane wave input was calculated was a function of the angle
of tilt of a paraboloid on a GE225 computer. The contributions from each in-
cremental parabolic area were summed vectorially over the coma image. The
resultant value was thus proportional to the net heterodyne signal power.

Figure 5 shows the result of this calculation.

1-12
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0.3 | -

0.2 - -

NORMALIZED HETERODYNE SIGNAL POWER

0.1 .

l | L | 1 1
0 1 2 3 4 5 6 7
ANGLE OFF AXIS - MILLIRADIANS

Figure 5. Angular Sensitivity Of Primary Paraboloid Mirror.
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To verify the calculation the optics were tested at an f/20 aperture
ratio during heterodyning experiments. It was found that heterodyning was
not impaired over input angle of arrival variations of up to 100 microradians
providing local oscillator and signal alignment were readjusted to accommodate
the input angular offset. Without readjustment the allowable offset incre-
ments were found to be only +100 microradians. This value determined the de-

sign requirements placed upon the angle tracking servo accuracy.

1.2.3 Photomixer

. . . 5
The optical superheterodyne receiver is signal photon noise limited.
The receiver, signal-to-noise ratio at the 7326 photomultiplier output is

given by the voltage ratio

®so QPs

e €1V hoaf (1)

where

€1 is the heterodyne efficiency

Q is the quantum efficiency

P is the signal power

hy is the energy per photon
Af is the electrical noise bandwidth.

In order to obtain photon noise limited operation the local oscillator
level is adjusted to a value so that its photon noise predominates.5 The
sensitivity expressed by Equation (1) will be degraded if the amplification

following the photosurface detection process introduces a noise power greater

5. G. Biernson and R. F. Lucy, "Requirements of a Coherent Laser Pulse
Doppler Radar," Proc. IEEE, vol. 51, pp. 202-213; January 1963.
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than hpyAf/Q. In photomultipliers the secondary emission amplification intro-
duces some noise. This additional noise degrades the value of Equation (1)
about 1 dB in standard box type multipliers. In photomultipliers this "noise-
less" amplification is sufficiently large to eliminate further signal-to-noise

degradation by the amplifiers following the tube output.

Standard fast rise time tubes have 3-dB cutoff frequencies of about a

100 MHz. 1In this system ¢t cctor bandwidth must only bhe greater than the
IF bandwidth following the detection, even for Doppler frequency tracking to

1 GHz, because a tunable optical local oscillator is used.

1.2.4 Local Oscillator

The laser local oscillator noise and power requirements are discussed
in Reference 5. 1Ideally, sufficient monochromatic power should be available to
permit discrimination against random nolse-producing sources, such as reflected
or scattered sunlight. Also, the noise produced at the output of the photo-
mixer due to the local oscillator should not exceed the expected shot noise
level for the corresponding local oscillator power. A single frequency laser,
the Spectra Physics Model 119 laser, has been evaluated for this purpose and
found to be satisfactory. The monochromatic power output is approximately
100 puW. Anticipated severe background levels, such as a bright cloud, should
not exceed 0.1 uW within the system.5 Thus, if the local oscillator is 10 uW,
then adequate background discrimination is provided. Measurements of the
noise in a 4-MHz bandwidth for the laser used showed the noise to be uniformly
distributed in frequency. The rms value of noise voltage from the photomixer
exceeded by approximately three times the minimum shot noise level expected
for this amount of optical power. This level degrades the system performance

described in Equation (1).

my < =

R S L IR S, A A
he laser is voltage tunable over a

=

200-MHz range at a rate up tao
5 kHz, and is use
+500 MHz.

in the frequency-tracking loop to cover a Doppler range of

1.2.5 Doppler Frequency Tracking

The laser signal containing the Doppler shift is mixed with the optical

local oscillator signal in the photomixer. The output of the photomixer con-

1-15
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taining the Doppler frequency is fed into the 30 MHz +4 MHz IF amplifier.
The IF amplifier has 84 dB of gain and a 6dB noise figure. The output is then

fed into a limiter with 20 dB of quieting and thence to the discriminator.

In the closed-loop operation an error signal is developed at the dis-
criminator which keeps the difference frequency between the two signals at a

constant IF value.

The bandwidth of the AFC loop was chosen at the minimum value consis-
tent with the expected rates of change of frequency to optimize the signal-

to-noise ratio.

The AFC loop bandwidth is determined by the maximum rate-of-change of
the input frequency expected. The maximum frequency deviation rate due to
microphonic excitation of the Spectra Physics Model 119 has been found to be
108 Hz/s. The allowable design error was required to be half of the AFC loop
bandwidth of Afc/z, thus the necessary loop bandwidth (gain-crossover fre-

quency) is designed to be

fTC = A (2)
2
where
7 = amplifier tune constant = L
c ZﬂAfC
f = 108 Hz /s
Afc =5.7T x 103 Hz

The bandwidth necessary to accommodate the rate of change of the re-
ceived signal frequency due to relative motion between the system end points
can be calculated in a similar manner. For a mission such as a missile being
launched straight up from a launch pad at a certain distance from the receiver,
the maximum rate-of-change of Doppler occurs at an elevation of 7/4 radians

and is proportional to the ‘VE'times the missile acceleration. For a missile

1-16
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undergoing an acceleration of 100 ft/s2 the maximum Doppler rate of change is
approximately 150 MHz/s. To track this rate of change in frequency on the

incoming signal the bandwidth must be 6.7 kHz.

As in any tracking system the accuracy2 with which the AFC loop can
operate will be a function of the signal-to-noise ratio. The tracking error

6f in the loop bandwidth Afc is approximately2

Af
Of = —S— (3)

e
SO
/e
no

A galvanometer at the discriminator output is used to indicate signal
presence. Initial signal acquisition is performed by manually tuning the
laser until the galvanometer deflection indicates the signal presence. When
the meter nulls in the center of the discriminator curve, frequency control
is manually switched to automatic. During prolonged system experiments last-
ing 14 hours, the AFC circuit has continually operated and kept the two re-

motely located lasers locked together.

1.2.6 Spatial Tracking

The spatial tracking function of the optical superheterodyne receiver
is of vital importance to the receiver flexibility. The heterodyne optics
and subsequent photomixing operation are extremely sensitive to angular changes
of the signal direction. The spatial tracking follows the line-of-sight di-
rection of transmitted signal and maintains the signal along the optical axis
of the system. Tests performed upon the optical superheterodyne receiver
have shown that the angular limits of operation are + 100 microradians. Thus,
the angular tracking accuracy of the spatial tracking system must be less than
this value. The total error is the sum of the dynamic error arising from the
relative motion between the receiver and the transmitter plus the static error

produced by frictional torques and tachometer noise.

Extensive tests2 on an identical earlier model of the tracking mirror

have shown the folowing results. When tracking low acceleration targets such
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as satellites and airplanes, this tracker has an accuracy of approximately 25
microradians rms. The accuracy under these conditions is set by the static

friction and equivalent noise bandwidth of the tracker and the scintillation
of the atmosphere. When tracking high acceleration targets such as rockets,

this type of unit has a tracking error which is directly proportional to the
angular acceleration of 0.6 radians/secondz; the tracking angular error peaks
to 0.3 milliradians at launch and settles to 0.1 milliradian within 0.1 sec-
ond thereafter. Thus, the tracking accuracy against low acceleration targets

is comparable to the accuracy of a star tracker.

The angular error sensor is an image dissector operated noncoherently.
Adequate background discrimination5 is achieved by using a 10 X optical fil-
ter and by virtue of the narrow-band response of the servo. The controlled
member in the tracker is a two-axis gimballed mount on which is carried the
flat tracking mirror. Both axes of this mount are powered by DC torque motors
directly coupled to the unit. Angular rate feedback information is obtained

by DC tachometers which are also fastened directly to their respective axes,

The lowest structural resonance occurs about the azimuth axis at 45 Hz.
This resonance limits the azimuth gain crossover frequency but does not signi-
ficantly affect the elevation loop. The rate loop gain crossover frequencies
are 30 Hz in the azimuth and 50 Hz in the elevation channel. The position
loop gain crossover frequencies are 10 Hz in azimuth and 17 Hz in elevation.
Both axes have integral networks with an upper break frequency of 2 Hz and a
lower break frequency at 0.02 Hz. The equivalent noise bandwidth for the

tracker is 19 Hz in the azinuth and 30 Hz in the elevation.

High precision bearings of the ABEC class 7 type are used in both axes.
Including the contributions from the various potentiometers, tachometers, and
motors, the measured static friction on both axes is 7 x 10-2 ft-1b. The

static pointing accuracy on both axes is on the order of 10 microradians.
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1.3 GROUND-BASED COMMUNICATIONS EXPERIMENTS USING THE OPTICAL
SUPERHETERODYNE RECEIVER

The effect of a turbulent atmosphere on the propagation of laser beams
is well known.e-14 Some of the previous work is experimental but the majority
is theoretical. Very little of the available data is in a form that can be
used to directly compare the performance of coherent and noncoherent detection
techniques. 1In addition, no data is actually available for a fully operable
coherent system., Consequently, a series of communications experiments to
evaluate the optical superheterodyne receiver, operating in a real atmospheric

~wvironment, and to compare it to a noncoherent detection method were per-

formed.
[0}
A remote laser transmitter consisting of a single-frequency 6328 A laser,

a Sylvania S-2-¢ phase modulator, and beam-forming optics was mounted on a

6. I. Goldstein, P. A. Miles, and A. Chabot, "Heterodyne Measurements of

Light Propagation Through Atmospheric Turbulence," Proc. IEEE, vol. 53,
no. 9, np. 1172-1180; September 1965

7. P. Bechmann, "Signal Degeneration in Laser Beams Propagated Through a
Turbulent Atmosphere,”" Radio Sci. J. Res., NBS/USNC-URSI, vol. 69D;
April 1965.

8. S. Gardner, "Some Effects of Atmospheric Turbulence on Optical Heterodyne
Communications," 1964 IEEE Internat'l Conv. Rec., pt. 6.

9. G. 0. Reynolds and T. J. Skinner, "Mutual Coherence Function Applied to
Imaging Through a Random Medium," J. Opt. Soc. Am., vol. 54, pp. 1302-
1309; November 1964.

10. B. Cooper, "Optical Communication in the Earth's Atmosphere," IEEE
Spectrum, pp. 83-88; July 1966.

11. H. Hodara, '"Laser Wave Propagation Through the Atmosphere," Proc. IEEE,
vol. 54, no. 3, pp. 368-375; March 1966.

12. J. I. Davis, "Consideration of Atmospheric Turbulence in Laser System
Design," Applied Optics, vol. 5, no. 1, pp. 139-147; January 1966.

13. S. E. Miller and L. C. Tillotson, "Optical Transmission Research,"
Applied Optics, vol. 5, no. 10, pp. 1538-1549; October 1966.

14, R. F. Lucy, "The Effect of a Turbulent Atmosphere on a Coherent Laser
System," 1964 NEREM Record.
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rigid tripod-supported optical bench. The transmitter was located at a nominal
distance of 1 km from the van-mounted optical superheterodyne receiver as
shown in Figure 6. For these experiments the transmitter beamwidth exit size
was approximately 1 cm-in diameter and then was optically spread to approxi-
mately 2 milliradians in order to reduce the effects of tripod and supporting
structure vibration, thermostructural changes, and beam-line-of-sight fluctu-
ations due to the atmosphere near the transmitter. With this relatively wide
angle transmitter, we could easily point the transmitter and have it remain
in position without attendance during an entire day of operation and testing.
The signal power fading due to transmitter instabilities were thus reduced

to less than 5 percent. Signal power fading due to the remainder of the at-
mospheric path averaged from 25 to 85 percent, depending upon meterological
conditions. The fading depth of the heterodyne signal ranged all the way to
complete momentary signal dropouts. Thus, line-of-sight variations effects

were relatively small in comparison.

The optical superheterodyne receiver van was instrumented to record the
data of the experiments. The instrumentation included a 7-channel tape re-
corder for short-term data and operational amplifiers to provide the necessary
interface circuitry between the optical superheterodyne receiver outputs and

the tape recorder.

The signal outputs simultaneously recorded included the received signal
power, the heterodyne signal level, angle of arrival fluctuations as extracted
from the azimuth and elevation spatial tracking servo-error signal, and the
heterodyne signal frequency fluctuations as measured at the discriminator
output. The instrumentation was thoroughly checked out and found to operate
satisfactorily over a linear dynamic range of 30 to 1 and uniform bandwidth
from DC up to frequencies large enough to cover the atmospheric fluctuation

rate.

The experiments performed with the optical superheterodyne receiver have
resulted in obtaining typical fading data on both noncoherent and coherent
detection techniques for different atmospheric conditions over a 1 km atmo-
spheric path. These data, plus results of frequency modulation experiments,

provide the necessary information for the comparison of a noncoherent amplitude-
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modulated system, a coherent amplitude-modulated system, and a coherent fre-
quency-modulated system. Both short- and long-term results have been ob-
tained. In addition to performing experiments for the fixed 20.3 cm aperture
of the receiver, the effect of varying the aperture size was determined for

both coherent and noncoherent detection.

1.3.1 System Performance

The received signal power, PS, at the photomixer is given by the ex-

pression

eZPTDC

67°R

where

€g = receiver optics efficiency
P, = transmitter power
D = optical collector diameter

6 = half-power transmitter beamwidth
R = distance between terminals

The heterodyne receiver ope.'ates in the photon noise-limited operation mode;

. . . SO . .
thus, the voltage signal-to-noise ratio 2—9 is given as:
no

e €1Vhuaf (5)

Typical system parameters are listed in Table 1 and the calculated results
are listed in Table 2. The measuremnts were taken on a sunny morning when

the air temperature was 75° F and excessive turbulence was not noticeable.
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TABLE 1

MEASURED EXPERIMENT PARAMETERS

(a)

Transmitter Power

Half-Power Transmitter Beamwidth
Range

Collector Aperture

(b)

Measured Heterodyne Efficiency

Optical Efficiency

(c)

Quantum Efficiency
R
I Nolse banawiain

(a)

Signal Power at Mixer

(a)

Local Oscillator Power

RMS Signal-to-Noise Ratio

(a) Measured with thermopile detector.

SO

no

1.26 107% wates
-3 .
2 x 10 radians
1 Km
0.2 m
-2
4.5 x 10 (rms)
2 x 10_l
5 x 1072
25 MHz
-6
4.2 x 10 watts
-5
1.2 x 10 watts
17 dB

1-6078-1

(b) Ratio of measured heterodyne signal voltage to calculated heterodyne

signal voltage.
(¢) Manufacturer's value.

(d) Corresponds to 8 MHz, 3-dB bandwidth.

1-23



1-6078-1

TABLE 2

CALCULATED EXPERIMENT VALUES

Expected Signal Power at Mixer(a) PS = 6.3 x 10-6 watts
. . . (a,b) e
Expected Signal-to-Noise Ratio eso - 95 4B
no

(a) Based upon measured transmitter power output.

(b) Based upon measured mixing efficiency.
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The discrepancy between the calculated signal-to-noise ratio of Table 2
and the measured signal-to-noise ratio of Table 1 is apparently due to the

excess noise observed from the laser local oscillator.

1.3.2 Fading Depth Data

A comparison of the fading characteristics during both noncoherent and
coherent detection, using the optical superheterodyne receiver, is shown in
Figure 7. The data is presented in the form of probability density functions
for the fading signals. Thus, the probability of finding a signal in the
voltage range v + Av is the integral of the curve over Av. The curves, ob-
tained by passing the analog signal voltage through a signal amplitude density
analyzer, represent a 30-second period of data. The amplitude density sampling
increment was allowed to scan through the signal fluctuations at a rate of
67-millivolts/second for the noncoherent data and 135-millivolts/second for

the coherent data.

ments have ghown that the details of the density function
do not remain stationary over the 30-second interval and minor distortions re-
sult in the analyzer because of time constant-sweeptime conflicts, it has been
observed that the general curve shapes are representative. The fluctuations

in the curves are probably produced when the distribution changes abruptly.

The analyzer's decay time is longer than its rise time, thus producing notice-
able exponential decay as the amplitude density suddenly decreases. The analy-
zer is calibrated by applying a sine wave of known amplitude at the input and
thus reproducing the well-known density function for the sine wave on the

paper recorder. This calibrated function then provides the scale factors for

the unknown data inputs.

The received power signal voltage probability density functions are
shown in Figure 7 for sunny-clear, overcast, and light rain conditious. The
average received signal value is approximately in the center of the density
function. Note that the minimum signal level, which occurs at the point where
the amplitude density function starts to increase, is always appreciably

greater than zero.
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The decrease in fluctuation amplitude (i.e., the width of the distribu-
tions) indicates less turbulence on light rainy days as compared to clear days.
These data reflect the fact that the thermal air gradients on rainy days are
less than on sunny, clear days. The curves also imply greater beamwidth
spreading on sunny, clear days because of the lower signal voltage. Our qual-
itative experience has been that as the rain increases, beamspreading will

then increase also.

The corresponding heterodyne signal voltage density functions are shown
also in Figure 7 for the same weather conditions. In each case the heterodyne
signal is derived from the power signal by mixing the incoming power signal
with the laser local oscillator. (The coherent and noncoherent detected sig-

nals are then separated by the intermediate frequency amplifier-filter.)

The heterodyne signal reflects not only signal power fluctuations but
also phase fluctuations. The heterodyne signal is proportional to the square
root of the power; thus, the heterodyne signal detection technique should
emooth the power fluctuations. The large fading depths shown on a sunny, clear
day indicate that the phase distortion on this day was quite severe and that

the received wavefront probably was severely distorted.

On days when the atmospheric path apparently had fewer thermal gradients
and thus had fewer turbulons, the heterodyne signal fading was less severe as
shown also in Figure 7. The trend of reduced signal fluctuation with reduced
turbulence is the same for both noncoherent and coherent detection. Table 3

shows the average mixing efficiency for each data sample.

Figure 8 is a record of the long-term signal fluctuations for both non-
coherent and coherent detection. Data points representing an average value
are recorded every 2 seconds. The entire record spans a period from 9:30 a.m.
to 1:30 p.m. The downward trend in the power signal was found to be due to a
transmitter steering effect caused by thermostructural changes at the trans-
mitter. The heterodyne signal change was due to local oscillator-received
misalignment, again due to thermostructural effects. These data were taken
with the system air conditioner off and demonstrate the necessity of minimiz-
ing temperature changes. At the end of the four-hour span the mixing was re-

aligned and the heterodyne signal level improved. Later the transmitter was
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realigned and the original signal levels were restored. In general, when op-
erating the van with a simple thermostat heat control, the mixing alignment
can be easily retained. The greater fluctuation of the heterodyne signal, as
compared to the received power signal, is evident. In general, our experi-
ments in long-term fading effects, besides showing equipment instabilities,
have shown that significant change in average path transmission occurs pri-
marily when significant weather changes occur. In particular, (as expected)
when fog, heavy rain, or snow occur, the average transmission decreases. To
date we have been unable to detect any unexplainable long-term fading phenom-

enon.

1.3.3 Fading Rate Data

The frequency spectra of the fading signals are shown in Figure 9.
It is significant to note that the heterodyne signals contain stronger higher
frequency components than the corresponding power signals. These data again
show the large influence of phase fluctuations along the atmospheric path on
the heterodyne signal. 'The similarity of variations of the signal fluctuation

frequency with weather for both detection techniques is apparent.

1.3.4 Frequency Modulation Experiment

At standard communication frequencies an advantage of FM over AM is
that atmospheric disturbances will, in general, only affect the AM system.
This occurs because the limiting and detection processes of FM discriminate
against amplitude modulation components and thus recover the FM signal unaf-
fected by atmospheric distortion. In addition, because of the nonlinear limit-
ing process involved in FM systems as compared to an AM system, the fading
characteristic should be different. The purpose of this experiment is to
demonstrate this effect and compare the coherent FM method to the noncoherent
AM and coherent AM methods.

In this experiment the single frequency transmitter laser was phase
modulated at a 1-MHz rate with a modulation index (deviation ratio) of 0.5.
For this value of modulation index the resultant modulation is classified as
narrow-band FM, since only two carrier sidebands are produced. Figure 10 shows

the signal spectrum as displayed on a spectrum analyzer.
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1 MHz MODULATION

SIDEBANDS

Figure 10. Spectrum of Frequency Modulated Laser Signal Propagated Over 1 KM Atmospheric Path
and Received by Optical Superheterodyne Receiver.

1-31




I-6078-1

Figure 1l shows the output of the discriminator of the FM channel of
the optical superheterodyne receiver and demonstrates the nonlinear threshold-
ing action of the limiter. When the receiver is not tuned in frequency to the
incoming carrier, the discriminator output consists of only random noise. The
major contributors to this noise is the power of the local oscillator. The
combined noise produced by optical background radiation, photomixer dark cur-
rent, and the thermal noise of the IF amplifier is less than that produced by
the optical local oscillator power. When the receiver is tuned to accept the
beat frequency with the signal from the remote laser transmitter, the noise
output of the discriminator decreases and the 1-MHz frequency modulation shown
in Figure 11 is observed. The thickness of the trace in the tuned case is
caused by low-frequency microphonics which frequency-modulate the local oscil-
lator. If the local oscillator were acoustically isolated, the observed noise
level would then be the frequency jitter of the automatic frequency control

system or phase modulation introduced by the atmosphere.

Whenever the signal fades, an increase of noise representing the un-
tuned condition is observed. Because of the nonlinear action of the limiter
only large fades are observable and the smaller fades are negligible. Oscil-
logram comparisons of the fading heterodyne signal with the discriminator out-
put show this effect clearly. 1In addition, the amplitude modulation sidebands
placed on the incoming signal by atmospheric turbulence are removed in the

discriminator.

Using the present optical superheterodyne system, it has been observed
that the optical FM system is analogous to a radio frequency FM system. 1In
addition, frequency modulation of the optical carrier by the atmosphere has
not been observed. We have thus concluded that the heterodyne signal fading
characteristics of Figure 7, and a knowledge of the limiter-discriminator
characteristic, are sufficient to quantitatively predict the performance of

an optical frequency modulation system.
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1.3.5 Effect of Aperture Size on Both Coherent and Noncoherent Detection

As the receiver collecting aperture is reduced, both the power signals
and heterodyne signals would be expected to change their fading characteris-
tics.G-14 Data taken on a clear, sunny day and shown in Figure 12 shows the
effect upon the power signal level and its amplitude fading density distribu-
tion as the aperture size is reduced. The aperture areas were reduced in
steps of a factor of 2 and the corresponding average signal levels, located
at the center of the density functions, also decreased approximately in the
same ratio. The signal fluctuation can also be seen to increase with de-
creasing aperture. Figure 13 shows the effect observed on the heterodyne sig-
nals. The apparent jagged behavior of the density distribution is due to a
rapidly changing distribution. (Long-term averaging of the distributions was

beyond the capability of the density distribution analyzer.)

In making the measurements, the aperture stops were placed over the
photomixer in order to limit the local oscillator signal only to the signal
areas. The aperture dimensions reported have been referred to the input by
multiplying by the focal length ratio. As the aperture is reduced, the mix-

ing efficiency might be expected to improve.

Table 4 shows the measured mixing efficiencies and the corresponding
input aperture. The data show that as the aperture size is reduced the mixing

efficiency increases.
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TABLE 3

HETERODYNE EFFICIENCY FOR VARIOUS WEATHER CONDITIONS WITH 20.3 CM APERTURE

Clear 1.79%

Overcast 3.45%

Rain 3.64%
TABLE 4

HETERODYNE EFFICIENCY FOR VARIOUS APERTURES

8.2 cm diameter 8.8%
5.8 cm diameter 13.7%
4.1 cm diameter 24.6%
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PART 2

GROUND-TO-SPACE-TO-GROUND COMMUNICATIONS EXPERIMENT

2.1 INTRODUCTION

The purpose of this experiment was to passively acquire and then illumi-
nate the retroreflector type satellite Explorer 22 with CW laser radiation
and monitor the reflected intensity. The daia collected would then be com-
pared with starlight scintillation and ground-based laser propagation experi-
ments. It was hoped that these initial measurements of scintillation, pro-
duced during a laser beam transport through the entire atmosphere, would yield
data meaningful to space-to-ground laser communications applications. Our
work indicated that the presently available CW laser power is inadequate.
However, the experiment was carried to the point where the necessary improve-
ments to perform the experiments are estimated to be 102 to 103 in order to
cover the expected scintillation frequency range. In addition to this result,
all the techniques of initial satellite acquisition and passive tracking have
been developed and are applicable to using the optical superheterodyne re-

ceiver in future air-to-ground or space-to-ground experiments.

2.2 EXPERIMENT DESCRIPTION

The Sylvania Precision Laser Tracking System2 was retrofitted to perform
the experiment. The retrofitting included the installation of 1) a 80 mW,
0.25 milliradian beamwidth, He-Ne, 6328 X laser; 2) a 5-inch diameter wide-
field spotting telescope; 3) an auxiliary image dissector optical system to

reduce the instantaneous field of view of 0.5 milliradians.*

Initially was planned to operate solely from the tracking system and
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image dissector. A series of laser back-

*It was experimentally found that the local atmospheric "breathing" effects
precluded the use of smaller apertures. The skyglow measured with this field
was approximately 100 times dark current level.
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scatter measurements demonstrated the necessity of utilizing a remote re-

ceciver.

The final experiment approach is depicted in Figure 14. The tracking
system was implemented with a stop-band filter that passed 50 percent of the
incident solar reflected light from the Explorer 22 but attenuated by greater
than 100 the wavelengths longer than 6000 X. Consequently, laser backscatter
light would not affect the tracking unit. The experiment plan was to passively
acquire and track the satellite while simultaneously pointing the laser beam
at the satellite with the tracking mirror. A remote wide-field (20) receiver
was to be manually pointed by an operator using a spotting scope. The remote
receiver was located approximately 150 feet from the tracker in a direction
such that the return signal, as determined from the Bradley effect, should be
a maximum. The system outputs, including the image dissector signal and remote

receiver, were recorded for future analysis. The experiment parameters are
listed in Table 2-1.

The van location was surveyed by using the sun as a reference. The azi-
muth and elevation mirror angles were measured as a function of time while
the system tracked the sun. Using "Air Almanac" data, the absolute pointing
calibration was then determined. Precision data on the satellite's position
were obtained weekly from the Smithsonian Astrophysics Observatory and trans-
formed by computer into the tracking system coordinates. This procedure and
the built-in accuracy of the equipment allowed the laser beam to be preset at

a satellite's location to within 0.8 milliradians.

2.3 EXPERIMENTAL RESULTS

The experiments were performed at night during the period of March to
August 1966. Much of the work involved a learning function prior to the final
conclusive test. In May the Explorer 22 was successfully tracked passively
by the tracking system. A strip chart record extracted from the magnetic tape

recording of the image dissector signal is shown in Figure 15.

During this passive tracking experiment the satellite moved across the

location of a star brighter than the satellite and caused the system to break
lock.
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TABLE 2-1
GROUND-TO-SATELLITE-TO-GROUND LASER COMMUNICATION EXPERIMENT

Minimum Tracking System Passive Threshold +8.5 Visual Magnitude Star

in Local Skyglow Environment

Visual Magnitude Explorer 22 +7 to +8 Visual Magnitude
Star

Laser Illuminator 80 mW, 0.25 milliradian
beamwidth

Minimum Tracking System Accuracy 425 microradian rms

Preset System Absolute Pointing 0.8 milliradians

Accuracy
Operator-Observer Controlled < 0.25 milliradian

Pointing Accuracy

Remote Receiver Minimum Detectable 5 x 10—14 W/m2
Flux Density

. * -13 2

Calculated Laser Return Signal 5 x 10 W/m

to 5 x 10-14 W/m2

*
Based upon private communication from H. Plotkin, (NASA - Goddard).
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The satellite passes considered adequate for the experiment occurred dur-
ing astronomical nighttime when the satellite was illuminated by the sun and
at near zenith passes when the altitude ranged from 1000 km to 1500 km. Haze,
clouds, weather, and excessive moonlight all produced interferences that

hindered the experiment.

Approximately twenty-five satellite passes, ranging from two to five
minutes in duration, were acceptable from March through August. Approximately
25 percent of these passes occurred when the weather, clouds, or haze did not
interfere. On two of these nights satisfactory data were obtained. The first

success, a passive track, has been described.

In the second success the satellite was observed but we were unable to
track the satellite automatically. The reflected solar signal from the satel-
lite corresponded approximately to a +8 visual magnitude star. The threshold
of the tracking system limited by sky glow on this night was measured to be a

visual magnitude between +7 and +8.

However, the trained operator was able to manually track and continuously
point the boresighted 80 mW laser at the satellite over a period of about four
minutes. The half-power beamwidth of the laser was 0.25 milliradians and the
operator is able to manually control and point the system to an accuracy less
than this beamwidth., During this period the operator of the wide field remote
receiver, located at the position of anticipated maximum return, was able to
continuously point this receiver at the moving satellite for a period of three
minutes. The output of the remote receiver, which has a Minimum Detectable
Flux Density of 5 x 10-14 W/mz, as limited by dark current when equipped with

a narrow-band 6328 X filter at night, was recorded on tape.

Our calculations, based upon published data on the S66 and measurements
made by H. Plotkin of NASA, indicated that the anticipated laser return would
~-13 2 -14

W/m”™ to 5 x 10

examined with a four-cycle bandwidth amplifier centered around the laser modu-

lie in a range of 5 x 10 W/mz. The tape record, when

lation frequency, showed no return signal.

Based upon previous tests of the trained operator's pointing capabilities,

we estimate that during the three-minute data collection interval several hits

2-6




1-6078-1

must have been made, although the satellite may not have been continuously
illuminated by the laser. Consequently, we concluded that the present sys-
tem does not have the capability to perform the desired experiment, even in

a narrow, clectrical bandwidth. Thus, we discontinued these experiments.

If a meaningful communication experiment were to be performed, the sys-
tem would have to be improved, by at least 40 to 60 dB. These improvements
could be in the form of greater transmitter powei, a largcr collecting aper-

gc
ture, reduced skyglow, reduced aerosol backscatter, and possibly the applica-

tion of cooled photomultipliers.

2-1



1-6078-~1

PART 3

AN IMMEDIATE APPLICATION OF THE OPTICAL SUPERHETERODYNE RECEIVER

This receiver is now ready to participate in space-to-ground communica-
tions experiments. For example, consider the Laser Communication Satellite
Experiment (LCSE) proposed for the Apollo Applications Program. If a state-
cf~the-art 100 W single frequency 6328 g laser, similar to the present test
transmitter source, were included in the satellite, an important coherent

space-to-ground laser propagation experiment could be performed.

The LCSE experiment proposed by the Astrionics Laboratory of Marshall
Space Flight Center will use a laser beam width of 2 microradians, and will
be operated in a synchronous orbit at a distance of 34,000 km. Assuming a
nominal atmospheric transmission of 50 percent, the flux density at the ground
station would be approximately 1.4 x 10_8 w/m2 if the spacecraft laser radiated
100 puW. This amount of power applied to the existing optical superheterodyne
receiver will provide a 20-dB signal-to-noise ratio in a 500-Hz bandwidth. A
500-Hz bandwidth and 20-dB signal-to-noise ratio is adequate to obtain fading

and fading-rate data for the propagation path.

In addition to the coherent data, noncoherent data may also be obtained
for comparison, even during daytime hours. The ability to perform daytime
noncoherent experiments reflects the precision-pointing accuracy of the angle
tracking servo used to automatically align the receiver with the direction of

the incoming laser beam.

Since the angle tracker has a peak-to-peak error of less than 100 micro-
radians, a noncoherent receiver field of view can be limited to this value.
The corresponding daylight blue sky level in a 2 X interference filter band-
width would be 3.2 x 10-11 W/mz, which is much less than the predicted signal
power density from the 100-uW laser. The signai-to-noise ratio in a 500-Hz
bandwidth noncoherent receiver, using only 10 percent of the signal of the

20-cm heterodyne aperture, is approximately 30 dB.

Furthermore, if the LCSE laser illuminates the ground station, the opti-

cal superheterodyne can be operated completely independent of any other
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facility. The manual acquisition techniques developed during Sylvania's Ex-
plorer 22 tracking experiments will permit the operator to acquire the space-
craft-borne laser. Once acquired, the angle tracking servo will automatically
maintain the alignment between the receiver and the incoming beam, even if

the satellite were moving at angular rates as high as 4 milliradians/second.

If the satellite is synchronous, the angular velocity will be consider-
ably smaller. The automatic frequency control system of the superheterodyne
receiver can operate over a 1-GHz range. The average Doppler shift antici-
pated for a synchronous satellite launched in a 60° orbit would be about
0.6 Gllz. Thus, the coherent receiver can accommodate the expected Doppler

shift.

3-2
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PART 4

OPTICAL MODULATION CONSIDERATIONS

During the early phases of the present report period a study was performed
to determine preferred transmitter modulation methods that could be utilized
in optical communications experiments. The study was assisted by contributions
from two other programs concerned with optical modulation methods. These pro-
grams included the Optical Technology Apollo Extension System (NAS-8-20256)

and Sylvania's Independent Research and Development Program.

Pulsed, pulsed code, and direct modulation for both intensity and polari-
zation modulation keying methods were evaluated for a continuous transmitter
power output. It was found that pulsed code modulation using either intensity
or polarization keying was significantly superior to the other methods. This

study is presented as Appendix A.

A second study was performed to compare an intensity modulated optical
communications system with frequency modulation of a carrier modulated inten-
sity system. The results of this analysis, given in Appendix B, indicated
that the system would have the usual advantage that a frequency modulated sys-
tem has over an amplitude modulated system. This advantage lies in the fact
that the limiting and discriminating process of FM detection provides a means
of discrimination against amplitude noise modulation of the input signal, pro-
viding a minimum value of input signal to noise is maintained. In addition,
the signal-to-noise power advantage of an FM carrier modulated intensity over
a direct intensity modulated system is proportional to 1.5 times the square

of the FM modulation index.

Consideration of a direct FM coherent system versus an AM coherent sys-
tem indicated that this would be expected to be identical with the radio fre-

quency case as discussed in Reference 2 of Appendix B.

A review of the modulation techniques studied indicated that before a
particular system could be chosen in preference to another, greater knowledge
of the transmission medium would be required. The knowledge required about

the medium included fading depth, fading rate, and channel bandwidth for both
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coherent and noncoherent detection techniques. 1In addition, the effect of
varying both receiver and transmitter apertures on these systems is also re-
quired. Consequently, the experimental communication experiments con-
centrated upon obtaining fading depth and fading rate data for both the non-
coherent and coherent detection techniques rather than prematurely testing
modulation methods. 1In addition, a simple coherent frequency modulation ex-
periment was performed to determine the comparative behavior of a radio fre-

quency FM to optical frequency FM.
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APPENDIX A

COMPARISON OF MODULATION TECHNIQUES FOR
WIDE BANDWIDTH TRANSMISSION

by Dennis Gooding

A.1 INTRODUCTION

A study of modulation technigues was performed tc detcrmine an optimum
form of modulation for a laser wide bandwidth link. The assumptions made for
numerical comparisons of performance were that an output signal-to-noise power
ratio of 30 dB is required and that the bandwidth is 5 MHz. The optical trans-
mitter is limited in peak power capability rather than the average power cap-
ability. Background noise and photodetector noise are negligible compared to
the quantum noise of the received signal and are neglected in the analysis
here. 1In addition, for lack of better information, it is assumed that the
power spectrum of the signal is constant over the frequency range -5 MHz to
9 MHz except for a DC component and zero elsewhere, and that the probability
density function of the signal is uniform in the interval 0 to 1 and zero else-

where.
The following kinds of modulation were considered:
(a) Pulsed intensity modulation
(b) Pulsed polarization modulation
(c) Direct intensity modulation
(d) Direct polarization modulation
(e) Pulse Code Modulation--intensity keying

(£) Pulse Code Modulation--polarization keying

A.2 RESULTS

Comparisons have been made strictly on the basis of an output signal-to-
noise ratio, and no account has been taken of the relative subjective quality

of the wide bandwidth (video) transmitted by analog and digital modulation
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methods. Possibly, the output signal-to-noise ratios required to yileld equal
quality for analog and digital modulation techniques will be quite different.
Furthermore, it seems likely that the relative subjective quality of these
techniques will depend upon the particular use to be made of the wide bandwidth
output. Table A-1 shows a comparison of R o’ the average number of received
photons per second at peak modulation required to obtain a 30-dB output sig-
nal-to-noise ratio for the various types of modulation listed and assuming

a 5-MHz bandwidth.

TABLE A-1

COMPARISON OF MODULATION FORMS

R R
Modulation (photons?second) (dB relative to PCM)
Pulsed Intensity Modulation 150 x 108 17
Pulsed Polarization Modulation 75 x 108 14
Direct Intensity Modulation 150 x 108 17
Direct Polarization Modulation 75 x 108 14
PCM=--Intensity Keying 3.2 x 108 0
PCM--Polarization Keying 3.2 x 108 0
PCM--Polarization Keying with 2.9 x 108 - 0.4

Error Correction Code

The results indicate that for a fixed output signal-to-noise ratio of
30 dB, the PCM modulation techniques will require substantially less peak
transmitter output power than the analog techniques. On the other hand, a
PCM system would be considerably more complex than an analog system and, be-
cause of the wider modulator bandwidth required, would require more modulator
drive power than the analog system. These and other factors must be taken into
account before a choice can be made between the various modulator systems con-

sidered herein. Only two of the assumptions made in the investigations are

Only those photons which produce an output from the photodetector are con-
sidered, so detector efficiency does not enter into the results.

A-2
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helieved to critically affect the validity of the comparisons of the various
systems. One is the assumption regarding the relative quality of analog and
digital systems at equal output signal-to-noise ratios. The other is the

assumption that an optical polarization analyzer can distinguish between two

orthogonal states of polarization at extremely low photon arrival rates.

A.3 ANALYSIS

A.3.1 Pulsed Intensity Modulation

In the form of modulation considered here the signal X(t) is sampled
at the Nyquist rate of 2W samples per second. Each sample is stretched (box-
carred) to a duration of 5%'seconds and intensity (power) modulates the opti-
cal carrier. Correspondingly, the photodetector converts light intensity into
voltage pulses so that the overall transfer function of the modulator and de-
modulator is full-wave linear. The signal is recovered by averaging the re-
ceived light intensity over each sample interval and putting the average, in
the form of impulses each of whose strength is equal to its corresponding
sample average, into a low-pass filter whose bandwidth is equal to the signal
bandwidth. The model here is somewhat optimistic in that in practice one
must sample at a rate slightly higher than the theoretical Nyquist rate in
order to permit practical filters to be used. The error is negligible for

the present purposes, however.

Let RS be the average number of photons received during a sample inter-
val when Xx(t) takes on its largest value (x = 1). Assume that the gain of
the photodetector is such that each photon produces a unit impulse of voltage.
Let z(tn) be the number of photons received during the nth sample interval.
Then z(tn) is a Poisson random variable with average value Rsx(tn). The prob-

ability distribution of z(tn) is

-R x(t ) k
Plz(t,)] - nfsx(tn)‘ (a-1)
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and its variance is equal to its average value Rsx(tn). The output signal
x(t) is obtained by counting the number of photons received in the sample in-
terval and dividing by Rs. That 1is,

Q(tn) =R (A-2)

The expected value of error in Q(tn) is zero. The variance of the estimate,

given X(tn)’ is

1 1
var (§|x) ==y var z = 73 (XRS) (A-3)
R R
s s
= X
R
s

The unconditional variance is found by averaging over all possible values of

x(t )

1
A 1 1
var (x) = = [ xdx = T (A-4)
Rs o s

The signal power is

£22 )] = S+

0

(A-5)

)
ol

The signal-to-noise ratio of the reconstituted signal x(t) is equal to
the signal-to-noise ratio of its sample values x(tn), which 1is given by

1
SNR = Elxz‘ = 13 = Ry (A-6)
var‘;(] E‘i— '
S

A-4
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Finally, the required photon rate per second Ro is given by

R = (20)R_ = 3 (20)(SNR) (A-T)

Taking W = 5 x 106 and SNR = 1000, Ro = 1.5 x 1010 photons/second. (A-8)

A.3.2 Pulsed Polarization Modulation

This type of modulation differs from pulsed intensity modulation as
described in the previous Section in that the stretched samples of the signal
x(t) are used to control the polarization of the optical carrier rather than
the intensity of the optical carrier. The signal changes the relative amounts
of energy transmitted in each of two orthogonal states of polarization. The
two states of polarization could be right and left circular polarization or

two orthogonal plane polarizations, for example.

Let Sl(tn) and Sz(tn) represent the intensity of the two polarization

components of the optical carrier. Then,

[97]
fu—

(a4
=]

1

‘1 - x(tn)’ss (A-9)
SZ(tn) = X(tn) Ss (A-10)

where SS is the total transmitted energy per Nyquist sampling interval. Any
nonlinearity of the polarization modulator is assumed to be compensated for

by predistorting x(t) to give a linear overall characteristic.

The receiver is assumed to contain a polarization analyzer and photo-

detector matched to each of the two states of polarization. Cross-talk between

antral mrimh
cOcdad numoeLr

detectors is assumed negligible. Let zl(tn) and zz(tn) be the
of photons detected by each of the two detectors during the nth sample inter-
val, and let RS be the expected value of the sum of zl(tn) and z2(tn). Then
zl(tn) and zz(tn) are independent Poisson random variables with expected values

‘1 - x(tn)’RS and x(tn)RS, respectively.
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The output samples are formed from 2y and Zg by the following operation

X(€,) = 2R_ (a-tt

The expected value of Q(tn) is ﬁ(tn) so the expected value of the error is
zero. The variance of &(tn) is

var (X) = (2;')2 ‘var(zz) + var (zln
s
1 , -
= i )2 'xRS + (1-x)Rs| (A-12)
S
- L
"~ 4R
s

The expected value of x2(tn) was found previously to be 1/3, so the signal-to-

noise ratio is

SNR = R (A-13)

o>

and

<]
i}

2WR =
s

oo

(2W) ( SNR) (A-14)

Taking W = 5 x lO6 Hz and SNR = 100 gives

7.5 x 10° photons/second (A-15)

w
"
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A.3.3 Direct Intensity Modulation

In this case the signal is not sampled and boxcarred, but modulates
the intensity of the transmitted light directly so that the average rate of
photon emission is proportional to x(t). The expected value of the rate of
arrival of photons at the receiver likewise is proportional to x(t). The re-
ceiver consists of a photodetector and a post-detection filter. The optimum

filter and the perivruwance of the system using that filter are found below.

The system can be modeled as shown in Figure A-1l. The filter with fre-
quency function H(f) is chosen to minimize the mean-square error of the esti-
mate of the time-varying part of the transmitted signal and rejects the con=-
stant part of the received signal. The mean value of x(t) is assumed to be
reinserted separately at the receiver. The process Rl(t) is a sequence of
unity impulses occurring at random with an average rate of x(t)Ro impulses

per second and represents the modulated photon carrier signal.

Ry() ——— | =— | —| 1o —> Z (1)

X

Figure A-1, Model of Direct Intensity Modulation System,

The optimum filter (not necessarily realizable) from the point of view
*

of minimizing the expected value of (x' - §|)2 is given by
S, (£)
H(f) = 2T (A-16)
S, (£)

where X'(t) = X(t) - X is the time-varying part of x(t), Sy(f) is the power
spectral density of the random process y(t), and Sx'y(f) is the cross-spectral

density of x'(t) and y(t). The signal and y(t) are assumed to be at least

*
See, for example, Davenport and Root, Random Signals and Noise.
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weakly stationary. The process y(t) can be regarded as a sequence of impulses

of strength ﬁL occurring randomly in time with an expected rate of x(t)Ro

impulses/secogd. In order to obtain Sx'y(f) and Sy(f), the corresponding
correlation function Rx,y(T) and F (7) will be calculated. This is done by
first regarding each impulse of y(t) as a finite pulse of width € and height
R and then letting € tend to zero.
o

R(7) = EE Ly |x(t+7)| v x(c)|] (A-17)

Two cases must be considered

A. |T|> €

R (1) = E‘IeRox(t” leROX(t-T)’(E%—)zf
l o

= RX(T) (A-18)
B. | 7)< €
R (1) = E‘ €R (t)l —l-z (1 -|T ) R.(T) (A-19)
ye' ' ll oX (RZ) 1) ¢+ R (7
(o]
Ry(T) = lim Rye(T) = -Ré 8(T) + R (7) (A-20)
€0

From cases A and B it can be seen that for all 7

Ry(T) = %; 5(7) + R (7) (A-21)

A-8
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from which

5, (%) = %; + s (f) = ﬁ; + X2 8(F) + 5! (£) (A-22)

The cross correlation Rx'y(T) is given by

Rey(T) = Ef|ex (0)] 2 x (em) ]}
= R}'{(T) (A-23)
which gives
51y (£) = 8, (£) (A-24)

The optimum filter is, therefore,

S_,(£f)
H(f) = X (A-25)

+ SX‘(f) + ;? 5(f)

mwF<l

2
0

If Sx'(f) is a rectangular power spectrum of density 5% between -W Hz
and W Hz then H(f) is a rectangular frequency function between -W Hz and W Hz

except for a zero at DC.

(A-26)
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This frequency function is not strictly realizable as a practical fil-
ter, but can be approximated quite well.

The output noise power is the mean-square difference between x'(t) and

Q‘(t) and if the optimum filter is used is given by*

2 ® 2
N=o0 - _o{ Sy(f) H(£)¢ df

1 4
_ 02 i fw b1 O'x df
= 0 y

B 4 o2 42wk 8(£)
(o]

4
o}
- 02 _ X
oowx . 2
R + 0x
s
2W)-(_ 02
= -—:7————5—— (A-27)
2WY + Ro ox
The output signal-to-noise ratio is given by
02 + iZ 02 + -)-('2 RO(O?. + ;2)
SNR = & = = & 5 + X (A-28)
log 2Wx
X
2 1
If the signal x(t) is uniformly distributed between 0 and 1, OX =13
and X = % giving
SNR = 4 + 2 20 (A-29)
3 2w

*
Davenport and Root, op. cit.
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Solving for Ro’ one obtains the final result

nofeo

R = % (2W) (SNR-4) =

o (2W) (SNR) (A-30)

For a high output signal-to-noise ratio, therefore, the required photon rates

for direct intensity modulation and for pulsed intensity modulation are equal.

A.3.4 Direct Polarization Modulation

This form of modulation differs from pulsed polarization modulation
in that the signal is not sampled and boxcarred but modulates the polariza-

tion of the optical carrier directly. The receiver continuously forms the

quantity:

zz(y) - zl(t) + R
y(t) = T 2 (A-31)

and filters it with a filter having frequency function H(f) to obtain the best
estimate of X'(t), the time-varying part of x(t). Here zl(t) and zz(t) are
the output signals of two photodetectors, each of which is matched to one of
the two polarization components of the received signal and is assumed to con-
sist of a random sequence of unit impulses--one impulse for each detected
phcton. The quantity Ro is the average number of photons per second detected
by both detectors.

The analysis of the optimum filter and the performance of this case is
very similar to that for the case of direct AM and is omitted here. The opti-
mum filter turns out to have the same frequency function (except for a gain
as for the direct AM case. The output signal-to-noise ratio and re-

quired photon rates are

(A-32)

2™

4
SNR = 4 + 3

R_ = 3 (2W)(SNR-4) = % (2W) (SNR) (A-33)

=

A-11
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The photon rate required for high values of the signal-to-noise ratio is ap-

proximately equal to that required in the case of pulsed polarizationmmodulation.

A.3.5 Pulse Code Modulation--Intensity Keying

In this case the signal is sampled at or above the Nyquist rate, quant-
ized into L = ZM levels, and transmitted as a series of binary numbers by on-
off keying the optical carrier. "On" is assumed to correspond to a binary 1
and "off" to a binary 6. The receiver contains a photodetector and other cir-
cuitry which determine whether or not at least one photon is receilved during
a given binary digit (bit) interval. Since background radiation and dark cur-
rent have been assumed negligibly small, an error in determining the identity
of a given received bit will occur if and only if a binary 1 is transmitted
and no photons are detected during the bit interval. When a binary 1 is trans-
mitted the number of photons detected during the bit interval is a Poisson
random variable with average value Ro’ and the probability of detecting exactly
n photons during the bit interval is

o Rog?

P(n) = n!

(A-34)

If all L signal levels are equally likely, as assumed, then the PCM
bits will take on the values 0 and 1 with equal probability. The probability

of error Pb of an arbitrarily selected received bit is, therefore.
P = zl P(0) = % e R (A-35)

In order to determine the required value of Rb it is necessary to assign an
allowable value for Pb‘ Unfortunately, no data have been found which would
indicate what bit error rate is required in a PCM system to give signal quality
equal to that of an analog system operating at a given output signal-to-noise

ratio. Lacking this information, it will be assumed, for purposes of prelimin-

A-12
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ary comparison, that the quality of the two systems are equal when their out-
* ;

put signal-to-noise ratios are equal. In the case of PCM signal, the out-

put noise consists of two parts, quantization noise and noise arising from

bit errors.

The quantization noise power Nq is equal to the variance of the quanti-

zation error which for the assumed uniform distribution of x(t) is

e (A-36)

In order to evaluate the noise Nb caused by bit transmission errors the re-

ceiver's estimate x(tn) of the nth sample value of the signal x(t) is written

as

M=-1 k
ak2 (A-37)

bl Lo

A
t =

where ay is the value, 0 or 1, of the kth digit of the PCM word. Now, let
€(tn) be the error x(tn) - i(tn) in the nth sample. Then e(tn) can be ex-

pressed as
1
eft,) = Y, T a2 (A-38)

where, since the a, are equally likely to be 0 or 1, the probability distribu-

k

tion of ¢, i
Kk is

*

This assumption has been made also by other investigators, including those
responsible for Hughes Aircraft Company's Deep Space Optical Communications
System Study.
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The occurrence of errors in the various bits is assumed to be independ-

%*
ent. Since the ¢, have zero mean and are independent

k

M-1
1 k
var(e) = Z} =2 4°E

b k=0 L

2
i

c2
k

o)
=
1
’—l
N
=
1
=
)

b
2
N = — 5 + L -21 P
12L 3L
and the signal-to-noise ratio is
SNR B(x%)  1/3 _ 412 _
N T N 2 -
1+ 4(L - l)P 1 + 4L°P

b

The error probability P

of photons per sample, since

b depends upon L for any given value of Rs’ the number

*
This assumption is not a valid one if, for example, the signal undergoes

slow fading.

A-14
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R R

R, = 3 =

S

T (A-43)
log2

Therefore, there exists an optimum value of L for each value of the signal-to-
noise ratio which minimizes the required value of Rs' The last form of Equa-

tion (A-42) gives
P, # = = —— (A-44)

A trial-and-error solution for SNR = 1000 gives the following optimum
values for L, Pb, and Rb

L = 32 (5 bit PCM)

_ -4
Pb = 7.5 x 10

R

6.4 photons per bit
The required photon rate per second is

1

R =6.4 x5 x10 =3.2 x 108 photons/second

A.3.6 Pulse Code Modulation--Polarization Keying

This form of modulation is similar to PCM with intensity keying except
that the PCM bits are transmitted as one of two orthogonal states of polariza-
tion of the optical carrier. The receiver contains a polarization analyzer
and photodetector matched toc each of the two states of polarization and makes
bit decisions according to which detector responds to more photons during the

bit transmission interval.

There is some uncertainty as to the amount of cross talk to be expected
between the two photodetectors at low photon rates. It is not obvious whether

or not a right circular polarization analyzer, for example, completely rejects
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left circularly polarized light when the photon rate is very low. The cross
talk will be assumed to be negligible for the present analyslis. The analysis
is easily modified to take cross talk into account.

Under the assumption of no background noise nor detector noise, a bit
error can be made only if no photons are received by either photodetector, in
which case an error will be made with probability 1/2 (assuming transmitted
bits are equally likely to be 0 or 1). Let Rb be the expected number of photons
received per bit. Then the probability of error per bit is, from Equation
(A-34)

I (A-45)

as in the case of PCM with intensity keying. The analyses of the output signal-
to~nolse ratlio and the required photon rate Ro apply to the present case, and

the numerical results obtained hold also.

Therefore, the performance of PCM with intensity keying 1s equal to
that of PCM with polarization keying under the conditions assumed. The per-
formance of the latter can be improved slightly by employing a very simple
error correction technique. A parity check bit would be appended to each PCM
word, making a total word length of M + 1 bits. This would permit the receiver
to fill in a single omission (failure to detect any photons with either photo-
detector) in a (M + 1) -bit word by choosing it two yield proper parity. Al-
though no exact analysis of this technique has been made it is possible to
estimate the effect of coding. First of all, if bit omissions are independent
of each other the probability of exactly k omissions in an (M + 1) -bit word
is

k=1, 2, ... Mtl (A-46)

where Pbo is the probability of bit omission. If MPbo

ability of two omissions is large compared to the probability of more than two

is very small the prob-

A-16
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omissions. Approximately, therefore, the probability Pe that errors will re-

main in the M information bits at the output of the error corrector is

Sp - 3(M+1)M P

3 2
Pe 4 "2~ 8 bo (a-47)

The factor of 3/4 arises because a probability of 1/4 exists that a

random assignment of 0 or 1 to the two bit omission would be the correct one.
As a further approximation, the error in a sample that results from two PCM

bit errors is taken to be equal to that which would result from a single PCM
bit error. This is a reasonable approximation since most of the sample error
is contributed by the highest order bit in error. Therefore, Pe of Equation
(A-47) can be substituted for P

in Equation (A-44) to permit P, and, sub-

b bo
sequently, the new value of Ro to be determined. Numerical evaluation for
M = 5 gives
Ro =2.9 x 108 photons per second (A-48)

This represents a 0.4 dB reduction compared to the system without error cor-

rection.
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APPENDIX B

SIMPLE COMPARISON OF INTENSITY MODULATION VERSUS FREQUENCY MODULATION
OF AN INTENSITY MODULATED SUBCARRIER TECHNIQUE FOR NON-
COHERENT LASER COMMUNICATIONS

B.1 INTRODUCTION

An FM subcarrier optical receiver is shown in the block diagram of Figure
B-1. 1In this receiver, the incoming wave consists of an optical signal whose
intensity is modulated sinusoidally by a high-frequency carrier. The carrier
itself is frequency modulated with the information signal. The optical sig-
nal is collected by the optics and focused through an optical filter onto the
photomultiplier detector. The frequency-modulated subcarrier is detected by
the photomultiplier that responds linearly to the intensity variations of the

optical signal.

The signal now is a conventional frequency-modulated wave and can either
be amplified or converted to another frequency. The intermediate-frequency
amplifier in the conventional receiver would correspond to the bandpass ampli-
fier of Figure B-1l. 1In addition, the limiter, discriminator, and low-pass
filter are also conventional. Random fluctuations (shot noise) in the photo-
tube current are the predominant* noise source in the system of Figure B-1.
The signal radiation photon noise, background photon noise, and the shot noise

of the photomultiplier dark current all contribute to this current.

When a noncoherent optical receiver operates with this type of noise as
a limit of sensitivity, it is operating optimally.1 The large noiseless gain
available with a photomultiplier allows the system to be designed for this
limit. Thus, the noise that will 1limit an FM subcarrier optical receiver

should be the shot noise in the photocurrent.

*Another noise source is the low-frequency optical signal scintillation pro-
duced as the signal is propagated along a turbulent atmospheric path contain-
ing parcels of air of varying index of refraction. This will be neglected
in this discussion, because they can be removed by automatic gain control
methods.
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b B.2 SIGNAL ANALYSIS

For single frequency fm, the output signal e from the photomultiplier

I is
G mpPSRL
| e = PRS2 cos(w t + B8 sin w t) (B-1)
| s 2 c m
where
G__ = the gain of the photomultiplier

p = responsivity of photo-cathode

P = optical signal power (peak to peak)
RL = photomultiplier load resistor
W, = subcarrier circular frequency(a% = 2nfc)
My
B=—" = modulation index
m

Aua = maximum circular frequency deviation

w_ = circular modulation frequency

After further amplification by the bandpass amplifier and subsequent lim-
iting, the signal enters the discriminator. The discriminator output €0 is
proportional to the instantaneous frequency deviation from the carrier fre-

quency. Thus,

e, = b(u»a%) (B-2)

where

b = discriminator constant in volts/radian

€
n

instantaneous circular frequency

B-3
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Now
d
w = dt(“%t + B sin a&t) (B-3)
and thus
W=Ww + Awcos wt (B-4)
c m

Substituting Equation (B-4) into Equation (B-2) yields

e = bAwd cos w t (B-5)

and the mean signal power So in a l-ohm resistor is

So =5 (B-6)

B.3 NOISE ANALYSIS

The mean square shot noise spectral density n at the output of the photo-
. 1
multiplier is:

2 .2
n = 2ermRL(pPS+ PP+ ID) (B-T)

where

14
fl

electronic charge

jae)
[}

B optical background power passing through optical filter

-
[}

D photo-cathode dark current

B-4
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Applying the simplified analysis used by Schwartz,2 if we assume the noise is
represented by a discrete number of sine waves spaced by a frequency Aw/27
and each wave having a mean square voltage of nAw/27, then the noise component

at a frequency w, + R sin w t + w is

1/2

e = (ﬂ;—> Cos(utt + 8 sin @t + ot | (B-8)

Then adding the noise of Equation (B-8) to the signal given by Equation (B-1)

results in

ot o= 1o 2 * 2(e)man (fme 0% %+ ]
- cos (wct + 8 sin Wt + 9) (B-9)

where

- )(en)TaTeS)in -~ (B-10)

s) max n) max

where

(s o = 52 (311
and

ealeae = (22) (5-12)
If

%Zi}iii >> 1 (B-13)
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then

(®n)max Sin o

9 = (B-14)

(eS )max

The limiter removes the amplitude modulation due to the noise. The noise

output of the discriminator e o is

e o b at (B-15)
(en max

€ o = bw S cos wt (B-186)
(®s Jmax

The mean square noise voltage contribution at one frequency is

"'2 _ bw (en)max (B 17)
no 2 B
2(es)max
substituting for (e ) ax 1n Equation (B-17) gives
2 2
22 _ b wniw (B-18)
no 4/ 2
(26 ) max

If the low-pass filter is adjusted to pass frequencies up to fm’ the
total noise power in the filter bandwidth is obtained by integrating all the
Aw contributions in Equations (B-18) from -uh/2n to +“h/2"’ Performing this

operation gives the following value for the noise power NO in a l-ohm resistor.

N =4 —b_ 8 (B-19)
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B.4 SIGNAL-TO-NOISE RATIO

The mean signal power to noise power ratio using Equations (B-6) and

(B-19) and substituting 3 for Auﬂuﬁ yields

2 2
Eg _ ?3 es)max (B-20)
No_ 4t

Substituting for (es)m and 7 gives

ax

2 2.2
S0 38°p PS

ﬁ; - 32 efm(ﬁ?s+ PPyt ID)

(B-21)

as the signal-to-noise ratio for the FM system. Equation (B-21) holds only
when the signal-to-noise ratio at the input to the limiter is large. The
mean signal-to-noise ratio at this point may be obtained by taking the mean
square value of Equation (B-1) and dividing it by the mean square noise of
Equation (B-7) in the bandpass amplifier bandwidth Afa. The result is given
by Equation (B-22).

2.2
o P %s

S
[No]input 16 eAfa(pPS+ pPy+ ID)

and the relationship between the output signal-to-noise and input signal-to-

noise 1is

So 3 2 Afa So
o loutput m olinput

For a corresponding amplitude modulated receiver as compared to a fre-
quency-modulated receiver the ratio of Equation (B-2) to Equation (B-22) for

fm = Afa shows the relative performance to be
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g2 ° 24
E—AM (B-24)

Note that in order to get an improvement in performance using FM the

modulation index must satisfy the relation

B >0.82 (B-25)
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